The interferon-inducible dynamin-like myxovirus resistance protein 1 (MxA; also called MX1) GTPase is a key mediator of cellautonomous innate immunity against pathogens such as influenza viruses 1 . MxA partially localizes to COPI-positive membranes of the smooth endoplasmic reticulum-Golgi intermediate compartment 2 . At the point of infection, it redistributes to sites of viral replication and promotes missorting of essential viral constituents 3, 4 . It has been proposed that the middle domain and the GTPase effector domain of dynamin-like GTPases constitute a stalk that mediates oligomerization and transmits conformational changes from the G domain to the target structure [5] [6] [7] ; however, the molecular architecture of this stalk has remained elusive. Here we report the crystal structure of the stalk of human MxA, which folds into a four-helical bundle. This structure tightly oligomerizes in the crystal in a criss-cross pattern involving three distinct interfaces and one loop. Mutations in each of these interaction sites interfere with native assembly, oligomerization, membrane binding and antiviral activity of MxA. On the basis of these results, we propose a structural model for dynamin oligomerization and stimulated GTP hydrolysis that is consistent with previous structural predictions and has functional implications for all members of the dynamin family.
His-tagged full-length human MxA (Fig. 1a ) was recombinantly expressed in bacteria and purified to homogeneity (Methods and Supplementary Fig. 1 ). In crystallization trials, small needle-shaped protein crystals were obtained that represented proteolytic cleavage products of the middle domain (MD) and GTPase effector domain (GED) (Supplementary Fig. 2 ). We solved the phase problem by a single anomalous dispersion protocol and could build and refine a model containing two molecules in the asymmetric unit (Methods  and Supplementary Tables 1 and 2) .
Each monomer spans nearly the complete MD and the aminoterminal part of the GED (amino acids 366-633), which together fold into an elongated antiparallel four-helical bundle where the MD contributes three helices and the GED one (Fig. 1b and Supplementary Fig. 3 ). This segment corresponds to the stalk region of dynamin 7 , and we refer to it as the stalk of MxA. The first visible amino acid, Glu 366, is 15 amino acids downstream of the last visible residue of the corresponding G domain structure in rat dynamin ( Supplementary Fig. 3 ) 8 . It marks the start of helix a1 in the MxA stalk, which is divided in a1 N and a1 C (where N and C indicate amino and carboxy terminal, respectively) by a 10-amino-acid-long loop, L1, introducing a 30u kink. A putative loop L2 (amino acids 438-447) opposite the deduced position of the G domain is not visible in our structure. L2 was previously demonstrated to be the target of a functionally neutralizing monoclonal antibody 9, 10 . Helix a2 runs antiparallel to a1 back to the G domain; it ends in a short loop L3 and is followed by helix a3 that extends in parallel to a1. The 40-aminoacid-long loop L4 (residues 532-572) is at the equivalent sequence position as the pleckstrin homology (PH) domain of dynamin ( Fig. 1a and Supplementary Fig. 3 ) and is absent in our model. L4 is predicted to be unstructured and was previously shown to be proteinase K sensitive 11 . At the carboxy terminus, the GED supplies 44 residues to helix a4 which proceeds in parallel to helix a2 back to the G domain. It is followed by a short helix, a5, which directs the polypeptide chain towards the N terminus of the MD. The C-terminal 30 highly conserved residues of the GED known to be involved in antiviral specificity 12 are missing in our model. In dynamin, the corresponding residues were shown to interact directly with the G domain 13 . The stalk of MxA is divergent from the corresponding structures of other dynamin superfamily members, such as GBP1 14 , EHD2 15 and BDLP 16 , although some features are shared ( Supplementary Fig. 4 ).
In the crystal lattice, each MxA stalk is assembled in a criss-cross pattern resulting in a linear oligomer, where each stalk contributes three distinct interfaces (Fig. 1c) . Such an arrangement of the stalks is plausible for the MxA oligomer as all G domains would be located at one side of the oligomer whereas the putative substrate-binding site in L2 and L4 would be located at the opposite side (Fig. 1b, c) .
The hydrophobic interface 1 covering 1,300 Å 2 is conserved among Mx proteins and dynamins and has a two-fold symmetry between the associating monomers ( Fig. 1d and Supplementary Figs 3 and 5) . Analytical ultracentrifugation experiments showed that wild-type MxA was a stable tetramer ( Fig. 2a and Supplementary Fig. 6a ), similar to dynamin 17, 18 . Notably, mutations in interface 1 (L617D, D377K, K614D, L620D, I376D) led to the disruption of the tetramer, resulting predominantly in dimers (Fig. 2a, Supplementary Fig. 6b ). These mutants eluted slightly later in analytical gel filtration experiments than the wild-type protein ( Supplementary Fig. 6c ).
The hydrophobic interface 2 is 1,700 Å 2 in size and also has a twofold symmetry (Fig. 1e) . It is nearly invariant in Mx proteins but shows only limited sequence similarity to dynamins (Supplementary Figs 3 and 5). Individual mutations M527D and F602D in interface 2 led to a complete disruption of the tetramer, resulting in a predominantly monomeric form ( Fig. 2a and Supplementary Fig. 6a-c) .
Interface 3, covering 400-500 Å 2 , is non-symmetric and mediates lateral contacts between stalks oriented in parallel (Fig. 1f) . Residues in this interface show higher temperature factors compared to residues in interface 1 and 2 ( Supplementary Fig. 5d ), indicating increased flexibility of this interface in the linear oligomer. Interface 3 involves loop L1, which interacts with residues in helix a2 of a neighbouring stalk. Furthermore, the surface-exposed Arg 408 in helix a1 C , completely conserved in Mx proteins, is near loop L2 of a neighbouring monomer that features an invariant 440YRGRE motif. Mutation R408D in a1 C and a quadruple mutation in this motif to alanine promoted disruption of the tetramer and the formation of a stable dimer ( Fig. 2a and Supplementary Fig. 6a-c) . Notably, the R361S and R399A mutations in dynamin are located at equivalent positions ( Supplementary Fig. 3 ), respectively, and induce formation of stable dimers as well 18 . Furthermore, mutation G392D in L1 of MxA led to the disruption of the tetramer into a stable dimer ( Supplementary  Fig. 6b ). Interestingly, the corresponding mutation in yeast dynaminlike Dnm1, G385D, has a similar phenotype 19 . Loop L4 is in the vicinity of the corresponding loop L4 from an opposing molecule ( Fig. 1f) and might represent another low-affinity interaction site. Confirming this hypothesis, deletion of residues 533-561 within this loop (DL4 mutant) resulted in a stable dimer ( Fig. 2a and Supplementary Fig. 6c ).
MxA reversibly forms ring and spiral-like oligomers at low salt concentration or protein concentrations .1.5 mg ml 21 , which can be sedimented by high-speed ultracentrifugation 20 . Accordingly, approximately 50% of wild-type MxA was sedimented in the absence of nucleotides at a protein concentration of 2.3 mg ml 21 ( Fig. 2b ). Nearly all wild-type MxA was found in the pellet fraction when GTPcS was added at a saturating concentration. In contrast, mutants in interface 1 (L617D, K614D, L620D, I376D), interface 2 (M527D, F602D) and the DL4 mutant could not be sedimented by ultracentrifugation, irrespective of the presence or absence of nucleotide, indicating that these interaction sites are critical for oligomerization ( Fig. 2b and Supplementary Fig. 6d ). Mutants in interface 3 (R408D, YRGR440-443AAAA, G392D) and the D377K mutant in interface 1 oligomerized with reduced efficiency only in the presence of GTP-cS ( Fig. 2b and Supplementary Fig. 6d ).
To examine the role of the four interaction sites for self-assembly in vivo, a nuclear accumulation assay was used which employs an artificial nuclear form of MxA carrying a foreign nuclear localization signal (NLS) and a haemagglutinin (HA) tag for detection (HATMxA) 21 . When expressed alone, Flag-tagged wild-type MxA showed mostly cytoplasmic localization ( Fig. 2c and Supplementary Fig. 7) . However, on co-expression with the nuclear form of MxA, it accumulated predominantly in the nucleus. HA-TMxA constructs with 
The stalk region of MxA LETTERS mutations in either interface 1 (L617D), interface 3 (R408D) or loop L4 (DL4) were still able to promote nuclear accumulation of wildtype MxA in the nucleus. In contrast, the interface-2 mutant M527D had lost this capacity. We conclude that mutants in interface 1, 3 and L4 retain the ability to form dimers with wild-type MxA in vivo, whereas mutations in interface 2 are disruptive. This was also confirmed in co-immunoprecipitation assays (Supplementary Fig. 8 ).
MxA binds to liposomes and induces liposome tubulation, similarly to dynamin 22, 23 . Interestingly, none of the MxA mutants showed significant binding to liposomes ( Supplementary Fig. 9 ), indicating that liposome binding requires a self-assembly-competent MxA molecule in which all three interfaces and L4 are intact.
GTPase assays with representative mutants were performed using multiple-turnover assays (excess of GTP over MxA). When incubated with saturating concentrations of GTP 24, 25 , wild-type MxA and the R408D mutant (which can still partly oligomerize in the presence of GTP-cS; see Fig. 2b ) showed a protein-concentrationdependent specific GTPase rate with an estimated k max of 6 min 21 ( Fig. 2d) , indicating that GTP hydrolysis is stimulated by a cooperative mechanism. The GTPase activity of wild-type MxA did not change significantly in the presence of liposomes. Surprisingly, the dimeric mutants L617D and DL4 had a three-to fourfold increased GTPase rate at higher protein concentration (3 mg ml 21 ), and the monomeric M527D mutant had a sixfold increased rate, whereas the GTPase rates at protein concentrations below 0.5 mg ml 21 were comparable to wild-type MxA (Fig. 2d) Supplementary Fig.  10a, b) . The higher apparent affinity was caused by a slower off-rate of GMPPNP ( Supplementary Fig. 10c, d ), indicating that nucleotide release might be restrained by tetramerization/higher-order oligomerization via the stalk (Supplementary Fig. 10 ). We conclude that oligomerization of MxA via the stalk region is not a prerequisite for assembly-stimulated GTP hydrolysis but influences nucleotide release in the G domain. La Crosse virus (LACV) is an important cause of paediatric encephalitis in North America. MxA blocks its replication by sequestering the viral nucleocapsid protein into perinuclear deposits 4, 26 . In contrast to wild-type MxA, the assembly-defective mutants showed no colocalization and the viral proteins accumulated near the Golgi compartment where infectious viral particles are formed (Fig. 3a and Supplementary Fig. 11 ). We conclude that each of the four interaction sites is required for recognition of viral structures.
Next, inhibition of the polymerase complex of a highly pathogenic H5N1 influenza virus (isolated from a fatal human case in Vietnam 27 ) was assessed in a minireplicon reporter assay 28 . As previously shown, wild-type MxA inhibited viral replication by 80% (Fig. 3b) . Mutations in each of the three interfaces and L4 completely abrogated antiviral activity. These results from two independent assays indicate that proper assembly of the MxA stalk region is essential for the antiviral function.
The MxA stalks are assembled in linear oligomers in our crystals whereas previous electron microscopy (EM) studies of full-length MxA and dynamin revealed the formation of ring-like oligomers of various diameters inducing liposome tubulation 20, 22, 23 . We reasoned that the basic building block of an MxA oligomer contains a stable a, Sedimentation equilibrium experiments were used to determine apparent molecular mass (MM) for full-length wild-type MxA (squares) and the mutants L617D (circles), M527D (diamonds), R408D (inverted triangles) and DL4 (triangles) in dependency of the protein concentration, in the absence of nucleotide at 400 mM NaCl. Data for M527D and L617D were fitted to a monomer-dimer equilibrium equation with a K d of 55 mM 6 8 mM and 420 nM 6 140 nM, respectively. b, Sedimentation experiments for wildtype MxA and selected mutants in each interface at 2.3 mg ml 21 protein concentration were carried out in the absence and presence of 1 mM GTP-cS at 300 mM NaCl. P, pellet fraction; S, supernatant. c, TMxA, an artificial nuclear form of MxA carrying the SV40 large T nuclear localization signal and an HA tag, and the indicated TMxA mutants were co-expressed with Flag-tagged wild-type MxA in Vero cells and visualized using antibodies directed against the two tags ( Supplementary Fig. 7 ). In co-transfected cells, the fluorescence intensity of Flag-tagged wild-type MxA in cytoplasm and nucleus was quantified (n 5 20 for each experiment, error bars represent the standard deviation). w/o, without. d, Protein-concentration-dependent GTPase activities of wild-type MxA (squares) and representative mutants in each interface (L617D, circles; M527D, diamonds; R408D, inverted triangles; and DL4, triangles) were determined at 150 mM NaCl and fitted to a quadratic equation. The mean of k obs calculated from two independent experiments is indicated with the error bar showing the range of the two data points. Fig. 11 ). The pictures are representative for three independent experiments (scale bar, 20 mm). b, Minireplicon assay for influenza A virus polymerase. 293T cells were cotransfected with plasmids encoding viral nucleoprotein (NP), the polymerase subunits and a reporter construct encoding firefly luciferase under the control of the viral promoter. Expression plasmids for the indicated MxA constructs and for Renilla luciferase under a constitutive promoter were co-transfected. Twenty-four hours later, the activity of firefly luciferase was measured and normalized to the activity of Renilla luciferase.
The values without MxA expression were set to 100%. Error bars and standard deviations are indicated (n 5 3). Protein expression was analysed by western blotting using specific antibodies.
stalk dimer assembled via interface 2. We combined these MxA stalk dimers with structural models of the G domain and PH domain of dynamin and fitted them into the electron density map of oligomerized dynamin, obtained by cryo-EM reconstruction 5 ( Fig. 4a, b and Supplementary Fig. 12a, b) . To accomplish formation of a helical turn, a 28u rotation around the centre of interface 1 was introduced between adjacent stalk dimers (Fig. 4a) . All residues in interface 1 shown to be crucial for oligomerization ( Fig. 2b and Supplementary Fig. 6d) were maintained in the interface by this rotation (Supplementary Fig. 12c,  d) . However, the proposed rotation moves interface 3 residues from neighbouring monomers closer towards each other (Fig. 4a) . The identified oligomerization sites in interface 3 include two loop regions (L1, L2) which, together with the proposed interaction in L4, might allow some flexibility in the degree of rotation, concomitant with varying ring diameters as observed for oligomerized dynamin and MxA 23, 29 ( Fig. 4c ). Our oligomeric model features a criss-cross arrangement of the stalks (Fig. 4a, c) and accounts for the 'T-bar' shape seen in side views of oligomerized dynamin 5 and MxA 23 (Fig. 4b) . Furthermore, it explains the connectivity of the G domain with the PH domain in oligomerized dynamin and is in agreement with the formation of a 'bundle signalling element' between the G domain and the C-terminal part of the GED 13 ( Fig. 4a and Supplementary Fig. 12e ). The highly conserved surface patches in the G domains across the nucleotide binding sites are pointing away from the central stalk of the ring and are not in contact with other G domains of the same ring (Fig. 4b, c) . Consequently, our model suggests that the G domains are not involved in ring formation but facilitate inter-ring contacts (see also ref. 5 ), resulting in assembly-stimulated nucleotide hydrolysis, as demonstrated for GBP1 30 and proposed for EHD2 15 and BDLP 16 . In the case of MxA and dynamin, such architecture implies that GTP hydrolysis is only stimulated after formation of one complete helical turn so that G domains from neighbouring turns can approach each other (Fig. 4c) .
By presenting a molecular model for oligomerization in the stalk region of the dynamin family we provide the structural framework to understand the mechanism of membrane fission in dynamin and of the antiviral activity in MxA.
METHODS SUMMARY
Oligomerization assays were carried out at 2.3 mg ml 21 protein concentration in the absence and presence of 1 mM GTP-cS. Samples were incubated at room temperature for 10 min and subjected to ultracentrifugation experiments. Supernatant and pellet fractions were analysed by SDS-PAGE. Liposome cosedimentation assays were carried out as described (http://www.endocytosis. org). In brief, unfiltered Folch liposomes were incubated with 0.75 mg ml 21 MxA for 10 min and samples were subsequently applied to ultracentrifugation experiments. Supernatant and pellet fractions were analysed by SDS-PAGE. Results shown are representative for three independent experiments.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
